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Macrophages are an important target cell for infection with cytomegalovirus (CMV). A number of viral genes
that either are expressed specifically in this cell type or function to optimize CMYV replication in this host cell
have now been identified. Among these is the murine CMV (MCMYV) US22 gene family member M140, a
nonessential early gene whose deletion (RVA140) leads to significant impairment in virus replication in
differentiated macrophages. We have now determined that the defect in replication is at the stage of viral DNA
encapsidation. Although the rate of RVA140 genome replication and extent of DNA cleavage were comparable
to those for revertant virus, deletion of M140 resulted in a significant reduction in the number of viral capsids
in the nucleus, and the viral DNA remained sensitive to DNase treatment. These data are indicative of
incomplete virion assembly. Steady-state levels of both the major capsid protein (M86) and tegument protein
M25 were reduced in the absence of the M140 protein (pM140). This effect may be related to the localization
of pM140 to an aggresome-like, microtubule organizing center-associated structure that is known to target
misfolded and overexpressed proteins for degradation. It appears, therefore, that pM140 indirectly influences
MCMY capsid formation in differentiated macrophages by regulating the stability of viral structural proteins.

An important feature of cytomegalovirus (CMV) pathogen-
esis is dissemination of virus to target organs by infected mono-
cytes that harbor CMV DNA (14, 36). Differentiation of these
cells into macrophages as they extravasate into tissues triggers
production of infectious virus. Infection with human CMV
(HCMV) drives monocytes toward a proinflammatory macro-
phage phenotype with an extended life span (7, 36). This cel-
lular differentiation process is accompanied by numerous phys-
iological changes that could, in theory, negatively affect virus
replication. These include increases in reactive oxygen inter-
mediates, phagocytosis, lysosomal compartments, mitochon-
drial activities, secretory enzymes, and antiviral cytokines, as
well as numerous receptors that render these cells highly in-
teractive with the extracellular matrix and immune modulators
(7, 14). 1t is likely, therefore, that CMV encodes products to
counteract factors that are adverse to replication or to subvert
cellular events to enhance replication. The mouse model has
been utilized to identify genes within murine CMV (MCMV)
that facilitate replication within differentiated macrophages.

To date, four MCMV genes or gene regions have been
identified as determinants of macrophage tropism in that de-
letion of or insertion within these genes has no impact on virus
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replication in fibroblasts but significantly depresses replication
in macrophages (reviewed in reference 14). Gene M78 encodes
a G protein-coupled receptor that facilitates accumulation of
immediate-early RNA at low multiplicities (29). The product
of gene M45 is virion associated and conveys antiapoptotic
functions by binding to RIP1 (4, 21). The US22 gene family
member M36 encodes a virion-associated protein that has an-
tiapoptotic function by binding to caspase 8 (24). Finally, the
US22 gene family members M139, M140, and M141 optimize
MCMV replication in fully differentiated tissue macrophages
both in vitro and in vivo (16, 17, 24). Two additional MCMV
genes of unknown function are transcribed in infected macro-
phages but not fibroblasts (38), indicating additional adapta-
tions specific to this target cell.

The M139, M140, and M141 early gene products form at
least three stable complexes that colocalize to a perinuclear
cis-Golgi region in infected macrophages (18). Sequence anal-
ysis of the three genes does not reveal any consensus functional
domains, with the exception of a putative nuclear localization
sequence within M139 and M141 (15). Deletion of one or more
of the three genes does not influence apoptosis (24) or tumor
necrosis factor alpha or nitric oxide activities (unpublished
data). Therefore, the function of these genes remains un-
known. It is apparent that M140 is fundamental to the func-
tion(s) of these genes for several reasons. First, the degree of
impairment in replication of RVA140 is equal to that of a mutant
deleted of all three genes (16). Second, pM140 is a component of
all three complexes identified: a pM140-pM141 complex and two
pM139-pM140-pM141 complexes that differ in size and/or mass
(18). Third, pM140 localizes to the nucleus but is redistributed to
the cytoplasm when expressed with pM141 (18).
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In this study, we took a broad approach to assessing the
function of M140 in optimizing MCMYV replication in macro-
phages. The data indicate that impairment in replication of
MCMYV deleted of M140 is after genome replication but prior
to virion assembly. Both the copy numbers and rates of viral
genome replication for revertant and mutant virus in macro-
phages were comparable. However, in the absence of M140,
capsids were rarely detected by electron microscopy in the
nucleus or cytoplasm. Mutant viral DNA was highly sensitive
to DNase, although cleavage of DNA was not compromised.
Because cleavage of viral DNA is linked to encapsidation,
these data suggest that procapsid stability, rather than forma-
tion, was altered by the M140 deletion. In support of this,
steady-state levels of the major capsid protein (MCP) and M25
tegument protein in mutant virus-infected cells failed to accu-
mulate to wild-type (WT) levels. The fact that pM140 localized
to an aggresome-like structure, which is typically important in
regulating viral and cellular protein degradation, implies that
pM140 may function to regulate viral protein degradation.
These studies indicate that pM140 indirectly regulates virus
capsid assembly by regulating the stability of viral structural
proteins.

MATERIALS AND METHODS

Cells and viruses. Murine NIH 3T3 fibroblasts (America Type Culture Col-
lection [ATCC] CRL-1658, Manassas, VA) were propagated in Dulbecco’s mod-
ified Eagle’s medium (Mediatech, Herndon, VA) supplemented with 10% heat-
inactivated bovine calf serum (HyClone Laboratories, Logan, UT) and 1%
L-glutamine (GIBCO BRL, Grand Island, NY). IC-21 murine macrophages
(ATCC TIB 186) were propagated in RPMI medium (Mediatech) supplemented
with 10% heat-inactivated fetal calf serum (GIBCO BRL) and 1% L-glutamine.
Primary peritoneal exudate macrophages were prepared from adult BALB/c
mice (Jackson Laboratories, Bar Harbor, ME) as previously described (17). The
viruses used in these studies were a WT MCMYV Smith strain (ATCC VR 194),
RVA140 (16), and the corresponding revertant virus (16). All virus stocks were
propagated in NIH 3T3 fibroblasts and quantified by standard plaque assay as
previously described (6). Mock virus preparations were supernatants from unin-
fected NIH 3T3 fibroblasts. Stocks of virus used for infection of macrophages in
most experiments were gradient purified to select for single capsid virions, as
previously described (17).

Plasmid construction. The plasmid expressing a fusion protein of M140 with
green fluorescent protein (GFP) under the control of the M140 promoter was
generated from pGFPM140 (18). First, a HindIII-BamHI fragment (MCMV
bases 195847 to 194371) was cloned into pGFPM140 digested with HindIII and
BamHI and designated pGFP140]. Next, an AvrlII-to-Xbal fragment (MCMV
bases 197547 to 199283) was inserted into the Nhel site of pGFP140J just
upstream of the GFP start site, to produce pIGFP140J. This construct is missing
19 bp from the MCMYV sequence upstream of the M140 start codon.

Real-time reverse transcription-PCR. IC-21 macrophages were infected with
gradient-purified mutant or revertant virus at a multiplicity of infection (MOI) of
10. Total RNA was isolated at 48 h postinfection using TRI reagent (Molecular
Research Center, Inc.) and RNeasy columns (Qiagen) with DNase I digestion.
The RNA (100 ng) was reverse transcribed and tested using the iScript SYBR
green reverse transcription-PCR kit (Bio-Rad, Hercules, CA) according to man-
ufacturer’s protocols. Primers used were as follows: for m48.2, 5'-GCTAGATC
TCTCTACTTTACTC-3' and 5'-GTCTTATTGTATGACGGTGG-3'; for M86,
5'-GCTCTTCTCGCTGTACTTGGACA-3" and 5'-TTCAACAACTTTCGCCT
GTACTAC-3'. After a 3-min denaturation at 95°, the following PCR conditions
were used: for m48.2, 45 cycles of 95° for 1 min, 44° for 30 s, and 72° for 30 s; for
MS86, 45 cycles of 95° for 1 min, 57° for 30 s, and 72° for 30 s. Real-time PCRs
were performed using an iQ iCycler (Bio-Rad). Differences in expression of
m48.2 and M86 between WT and mutant virus-infected IC-21 cells were calcu-
lated based on comparative threshold cycles, with and without reverse transcrip-
tase, from two independent experiments.

DNA isolation and quantitation of viral genomes. DNA was harvested at
specific times postinfection and extracted using the GenomicPrep DNA isolation
kit (Amersham Pharmacia Biotech, Piscataway, NJ). Real-time PCR analysis was
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performed in triplicate on 1 wg total infected cell DNA using iQ SYBR green
supermix (Bio-Rad) and primers specific for MCMV or cellular DNAs. The
primer pairs utilized were as follows: ie2, S TGGATTGCACTTCGGC-3’ and 5’
TGGGGTATTCCTTGCG-3'; beta interferon (IFN-B), 5'-ATAAGCAGCTCC
AGCTCCAA-3" and 5'-AGTCTCATTCCACCCAGTGC-3'. Real-time PCRs
were performed using the iQ iCycler after an initial 3-min denaturation at 95°C.
The conditions were 39 cycles of 95° for 30 s, 57° for 30 s, and 72° for 30 s. Copies
of MCMV DNA/cell were calculated based on the cycle at which viral DNA
crossed the threshold relative to the cellular IFN-B gene, which was present at 2
copies/cell.

DNA cleavage assay. Two micrograms each of total cell DNA from mock-,
revertant-, and RVA140-infected cells was subjected to digestion with Mlul, and
cleavage was analyzed by Southern blot analysis as previously described (17)
using as a probe labeled pON4047, which hybridizes to both ends of the cleaved
DNA (a generous gift from Michael A. McVoy, Virginia Commonwealth Uni-
versity, Richmond, VA). Band densities were quantitated by scanning with a
flat-bed scanner (transmission mode) followed by analysis using UN-SCAN-IT
software (Silk Scientific Corporation, Orem, UT).

DNase protection assay. Two million NIH 3T3 fibroblasts or IC-21 macro-
phages were infected with RVA140 or revertant virus at an MOI of 5. Nuclear
extracts were harvested using the NE-PER kit (Pierce, Rockford, IL) according
to the manufacturer’s instructions. Lysates were divided in half, with one half
being treated with 20 U RQ1 DNase I (Promega, Madison, WI) for 4 h and the
other half being incubated as a control. After inactivation of the DNase with
EDTA, DNA was extracted using the GenomicPrep kit (Amersham Bio-
sciences). Equal volumes from the control and DNase-treated samples were
subjected to real-time PCR analysis as described above.

Antibodies. Polyclonal rabbit antiserum raised against the synthetic peptide
RIQQSSQKDLPESQF of the MCMV MCP (M86) (32) was produced at Co-
calico Biologicals, Inc. (Reamstown, PA). MCMV M25-specific antibody (5C7)
was a generous gift from Carol Wu and John Shanley (University of Connecticut,
Farmington, CT). The generation and characterization of rabbit anti-e1 antibody
were previously described (8). Mouse anti-a-tubulin (clone B-5-1-2), mouse
anti-actin (clone AC-15), and rabbit anti-y-tubulin were purchased from Sigma
(Sigma-Aldrich, St. Louis, MO).

Western blot analysis. Expression of the MCP in mutant and revertant virus
infected cells was monitored by Western blot analysis as previously described
(16). An MOI of 2 was used for NIH 3T3 fibroblasts, and an MOI of 4 was used
to infect IC-21 macrophages. For intracellular localization, cell fractionation was
performed using the NE-PER kit (Pierce) according to the manufacturer’s in-
structions. Volumes of lysate from the cytoplasmic and nuclear fractions repre-
senting equal numbers of infected cells were run on 12.5% acrylamide gels and
blotted as described above. For the anisomycin block experiments, cells were
infected as described above and anisomycin (100 wM final concentration) was
added at 40 h postinfection. Cells were harvested at 0, 8, or 16 h after anisomycin
treatment for Western blot analysis. Protein bands were quantitated using the
Odyssey infrared imaging system (Li-Cor Biotechnology, Lincoln, NE) with
rabbit anti-MCP and mouse anti-actin, followed by goat anti-rabbit infrared dye
800CW and goat anti-mouse infrared dye 680 (Li-Cor). The half-life of the MCP
was calculated from the intensities of the MCP bands normalized to actin, which
has a half-life of 60 h.

Electron microscopy. IC-21 macrophages were infected at an MOI of 5 with
sucrose gradient-purified virus for 48 h before fixation with 1% glutaralde-
hyde in phosphate-buffered saline (PBS). Fixed cells were embedded in
plastic (Epon), and 80-nm thin sections were cut and mounted on standard
electron microscopy grids before staining with uranyl acetate and lead citrate.
Images were obtained using a Phillips 400T transmission electron microscope
operated at 80 keV. The numbers of virion-like particles within an area
representing 12 to 40 pm? in seven mutant virus- and seven revertant virus-
infected nuclei were quantitated, and results were expressed as virions/pm?>.
A one-tailed Student ¢ test was used to calculate the probability that the mean
values were significantly different.

Indirect immunofluorescence. IC-21 macrophages were transfected with
pIGFP140J using Metafectene (Biontex, Planegg, Germany). Twenty-four hours
later, the cells were harvested and seeded into chambered slides. The following
day, the cells were infected with WT or RVA140 MCMYV at an MOI of 5. After
24 h of incubation, the cells were washed three times with sterile PBS, fixed with
ice-cold 100% methanol, and washed again with PBS. After blocking with 5%
normal goat serum in PBS, cells were stained with rabbit antiserum specific for
el (M112/113) protein and mouse anti-a-tubulin antibody followed by goat anti
mouse-tetramethyl rhodamine isocyanate (Sigma-Aldrich) and Alexa Fluor 647
goat anti-rabbit immunoglobulin G (Invitrogen). Cells were mounted with Slow-
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FIG. 1. Viral DNA replication and cleavage are unimpaired in RVA140-infected macrophages. (A) Viral DNA replication. IC-21 macrophages
were infected with sucrose gradient purified RVA140 or revertant virus (WT) at an MOI of 5 or mock infected with an equal volume of uninfected
cell supernatant. At 8, 24, and 48 h postinfection, total DNA was harvested. Real-time PCR was performed in triplicate on 1 pg total infected cell
DNA using primers specific for MCMYV or cellular (IFN-8) DNA. Viral DNA levels were normalized to cellular gene levels. The experiment was
repeated three times, and the mean results are shown. Error bars represent standard deviations. (B) Viral DNA cleavage. Two micrograms each
of total cell DNA from mock (M)-, revertant virus (WT)-, and RVA140 (RV)-infected cells, prepared as described above, were subjected to
digestion with Mlul, and cleavage was analyzed by Southern blot analysis using a probe (pON4047) that hybridizes to both ends of the cleaved
DNA. The experiment was repeated three times, and representative data are shown. The X and C termini are named as such based on EcoRI X

and C fragments at the termini of the MCMV genome (22).

fade mounting medium (Invitrogen) and examined using a Zeiss 510 confocal
microscope at a magnification of x40 with 4X zoom.

RESULTS

Deletion of M140 has no impact on the rate and level of
MCMY DNA replication or the extent of DNA cleavage. The
growth defect in RVA140 in macrophages is evident from
one-step growth kinetics, indicating that M140 regulates some
aspect of viral replication (17). To define where in the repli-
cation cycle the defect occurs, we began by comparing genome
copy numbers in RVA140-infected macrophages and revertant
virus-infected cells. This parameter of viral replication pro-
vided a quantitative assessment as to whether the defect was at
an early or late stage. Real-time PCR analysis of viral DNA
levels revealed that genome replication was unimpaired in
RVA140-infected macrophages (Fig. 1A). No significant dif-
ferences in either the rate of replication or levels of viral DNA
were detected. These data indicated that pM140 regulates
some aspect of late-phase replication.

We next assessed viral DNA cleavage, which is commensu-
rate with packaging of viral genomes. CMV genomes are rep-
licated to form head-to-tail-linked concatemeric genomes,
which are packaged into preformed procapsids, concomitant
with cleavage at specific recognition sites into unit-length ge-
nomes (reviewed in reference 25). The viral DNA was there-
fore subjected to Southern blot analysis with probes specific for
the genomic ends to evaluate DNA cleavage (22) (Fig. 1B).
When the intensities of the bands were analyzed, no more than
a twofold difference in the intensity of each band between
revertant and mutant virus-infected cells was detected. These
data indicate that replication of RVA140 in macrophages pro-
ceeded like that of WT virus through genome replication to the
DNA cleavage stage commensurate with packaging into pro-
capsids.

Infection with RVA140 results in a reduction in viral par-
ticles. Because the DNA replication and cleavage analyses
indicated that the defect in mutant virus-infected macrophages
was at a late stage of viral assembly or even egress, we per-

formed electron microscopic examination of revertant virus-
and RVA140-infected IC-21 macrophages (Fig. 2). Viral cap-
sid-like particles were rarely observed in the nuclei of mutant
virus-infected cells (Fig. 2A) but were readily detected in nu-
clei of revertant-infected macrophages (Fig. 2B). The average
number of capsids per area was 2.8 * 1.5/um? in revertant
virus-infected macrophages and 0.4 = 0.4/pm? in RVA140-
infected cells (P = 0.0009). When capsid-like structures were
evident in the RVA140 infected nuclei, they were predomi-
nantly empty (Fig. 2C). These data indicate that in macro-
phages, MCMV deleted of M140 is defective in assembly of
mature capsids at a stage between formation of the procapsid
and formation of the mature capsid.

To further document a defect in capsid assembly, we as-
sessed the degree to which the viral genome was protected
from DNase. If the viral genomes have been properly encap-
sidated, they will be protected from DNase digestion. Consis-
tent with the electron microscopy results, we found a 2-log-unit
reduction in the proportion of viral DNA that was resistant to
DNase treatment in the mutant virus-infected nuclei compared
to revertant virus-infected nuclei (Fig. 2D). Approximately
25% of the revertant viral DNA was resistant to DNase treat-
ment at 48 h postinfection. In contrast, only 0.2% of the
RVA140 DNA was resistant to DNase. Collectively, the data
reveal a defect in formation of mature capsids with DNase-
resistant viral genomes. Because DNA cleavage was not sig-
nificantly compromised, it appears that viral capsids were
formed but were structurally defective and therefore unstable.
In support of this conclusion, previous studies revealed that
transcription of viral structural genes was unaltered in the
absence of M140. Specifically, microarray analyses to assess
MCMYV gene expression in the presence or absence of M140
indicated that viral late mRNA was not compromised by de-
letion of M140 (unpublished data).

The M140 protein colocalizes with nuclear replication com-
partments and cytoplasmic aggresome-like structures in in-
fected macrophages. The above data indicating that pM140
regulates nuclear events related to capsid formation are not

*
*
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number of viral capsids. (A to C) Electron micrographs of mutant or
revertant virus-infected macrophages. IC-21 macrophages were in-
fected at an MOI of 5 with sucrose gradient-purified revertant virus
(WT) (B) or RVA140 virus (A and C) for 48 h before fixation and
staining for transmission electron micrographic analysis. Infected cell
nuclei are shown, with arrowheads pointing to representative virions.
(D) Mutant viral DNA remains sensitive to DNase. Two million 1C-21
macrophages were infected with sucrose gradient-purified revertant
virus (WT) or RVA140 at an MOI of 5, and nuclear extracts were
harvested at 48 h postinfection. Half of each lysate was treated with
DNase; the other half was incubated as a control without enzyme.
After inactivation of the DNase, DNA was extracted, equal volumes
from the control and DNase-treated samples were subjected to real-
time PCR analysis, and the relative proportion of viral DNA remaining
after treatment was determined. The results shown are the means and
standard deviations for two independent experiments.

inconsistent with previous data indicating that pM140 localizes
to both nuclear and cytoplasmic fractions of infected cells (16).
In fact, when transiently expressed alone under the control of
the HCMV major immediate-early promoter, pM140 is distrib-
uted diffusely throughout the nucleus (18). However, it relo-
calizes to a perinuclear cytoplasmic site when coexpressed with
one of its binding partners, pM141 (18). Under these condi-
tions, pM140 is likely to be highly overexpressed and with
improper kinetics for an early gene. In order to validate this
cellular localization under more natural conditions, we gener-
ated a plasmid expressing a full-length GFP-M140 fusion pro-
tein (pGFPM140) under the control of the native M140 pro-
moter. The GFP tag was necessary because polyclonal
antiserum specific for pM140 fails to detect the protein in
infected cells by immunofluorescence (data not shown). The
GFP-M140 fusion protein was not expressed in the absence of
MCMYV superinfection (data not shown), as expected of an
early gene product, but localized to both the nucleus and
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cytoplasm in infected cells (Fig. 3). Interestingly, at 24 h postin-
fection (considered an early time point for macrophages),
pGFPM140 in the nucleus largely colocalized with viral rep-
lication compartments. This was evidenced by colocalization
with pM112/113 (el), which is required for viral DNA rep-
lication and transcription (Fig. 3A) (8). Because this colo-
calization was also evident at early times in fibroblasts (12 h
postinfection [Fig. 3C]), the association of pM140 with el in
the nucleus is likely unrelated to the phenotype of RVA140
in macrophages.

In the cytoplasm of macrophages at both 24 and 48 h postin-
fection, pGFPM140 localized to a perinuclear site as previ-
ously reported (Fig. 3A and B) (18). The use of anti-a-tubulin
antibodies in the current study revealed that this site is adja-
cent to the microtubule organizing center (MTOC). Additional
evidence that this structure is the MTOC was provided by
v-tubulin staining of centrioles at the center and sensitivity of
the structure to nocodazole (41) (data not shown). We had
previously identified the presence of cis-Golgi markers at this
site (18). This suggested that this structure may be an agres-
some, as aggresomes are located at the MTOC in association
with cis-Golgi markers (13). They are sites of aggregated
and/or misfolded proteins destined for degradation by either
the proteasome or autophagy (11, 13, 41). In virally infected
cells, they may function to degrade viral proteins as a defense
mechanism or may be sites of concentrated viral proteins in an
assembly compartment (41). Interestingly, the enlarged aggre-
some-like structure was present in MCMV-infected macro-
phages but not in fibroblasts at early (Fig. 3C) or late (data not
shown) times. We considered, therefore, that M140 might in-
fluence viral protein stability in macrophages.

Viral capsid protein levels are reduced in mutant virus-
infected macrophages. Based on the above findings, we as-
sessed steady-state levels of late viral proteins associated with
capsid maturation. Microarray analyses indicated no defect in
expression of mRNAs for any of the viral structural compo-
nents (unpublished data). This was confirmed by real-time
reverse transcription-PCR for the small capsid protein m48.2
and the MCP (M86). The ratios of RNA from mutant virus-
infected IC-21 cells to that from WT virus-infected cells were
1.0 for m48.2 and 1.3 for M86, thus confirming that the M140
deletion did not compromise RNA levels of these structural
proteins. We therefore turned our attention to steady-state
levels of the MCP. We generated peptide-specific antisera,
which recognized a viral protein of appropriate size, approxi-
mately 150 kDa (Fig. 4A). In nuclear fractions of revertant
virus-infected macrophages, MCP was expressed at low levels
at 24 and 32 h postinfection, with steady-state levels increasing
significantly at 40 and 48 h postinfection (Fig. 4B). These
kinetics reflect the protracted rate of MCMYV gene expression
in macrophages compared to fibroblasts (14). However, in
nuclear fractions of macrophages infected with RVA140, MCP
was clearly evident only at 40 h postinfection, and it was un-
detectable at 48 h (Fig. 4B). Protein levels in the cytoplasm of
revertant-virus infected cells followed a pattern similar to that
seen in nuclear fractions. However, levels of MCP in the cyto-
plasm of RVAIl40-infected cells were barely detectable
throughout this time course. The fact that levels of MCP in
mutant virus-infected cells were undetectable at 48 h postin-
fection in both the nuclear and cytoplasmic fractions indicated
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FIG. 3. The M140 protein colocalizes with viral replication compartments and adjacent to condensed MTOC: in infected macrophages. (A and
B) IC-21 macrophages were transfected with a plasmid expressing a GFP-M140 fusion protein under the control of the M140 promoter. The
transfected cells were infected with WT MCMYV 48 h later and processed for confocal microscopy at 24 (A) or 48 (B) h postinfection. Mouse
anti-tubulin and rabbit anti-e1 antibodies were used, followed by goat anti-mouse—tetramethyl rhodamine isocyanate or —fluorescein isothiocyanate
and Alexa Fluor 647 goat anti-rabbit conjugates before analysis on a Zeiss 510 confocal microscope. Results were similar when transfected cells
were superinfected with RVA140 instead of WT virus. (C) NIH 3T3 fibroblasts were transfected and infected as described above for 12 h before

processing for confocal microscopy using the antibodies described above.

that MCP trafficking was not defective, and it more likely
reflects a lack of protein stability. Decreased steady-state levels
of MCP were selective for macrophages, as seen by comparing
results for NIH 3T3 fibroblasts (Fig. 4A) with those for IC-21
macrophages (Fig. 4B). This difference corresponds to the cell
type-specific defect in virion production. This reduction in
steady-state levels of the MCP was also seen in infected pri-
mary peritoneal macrophages (Fig. 4C), confirming that this is
not a cell line-specific phenomenon.

In order to further investigate this finding, we subjected rever-
tant and mutant virus-infected IC-21 macrophages to a protein
synthesis block using the inhibitor anisomycin. The time of addi-
tion of anisomycin (40 h postinfection) was based on the optimal
MCP expression levels in mutant virus-infected cells. As shown in
Fig. 4D, levels of MCP at 40 h postinfection (0-h block) were
reduced substantially in RVA140-infected cells compared to re-
vertant virus-infected macrophages, and steady-state levels de-
clined at a higher rate in mutant virus-infected cells. When band
intensities were quantitated and normalized to actin levels, the

half-life of MCP was calculated to be 10 h in revertant virus-
infected macrophages but only 6 h in mutant virus-infected cells
(Fig. 4D). These data confirm the reduction in stability of the
MCP.

We also evaluated levels of one tegument protein, M25. We
were particularly interested in this protein because it is abun-
dant in nuclear aggregates with MCP in fibroblasts infected
with an HCMV UL97 deletion mutant (30), and some HCMV
UL97 mutants exhibit viral DNA cleavage with poor encapsi-
dation (42). Interestingly, we saw a pronounced reduction in
levels of the 130-kDa M25 protein, which is the virion-associ-
ated form (43), in mutant virus-infected macrophages com-
pared to revertant virus-infected cells (Fig. 4E). Infection of
NIH 3T3 fibroblasts with mutant virus deleted of M140 produced
abundant levels of M25 (Fig. 4E). These data indicating that
steady-state levels of two virion-associated proteins are signifi-
cantly reduced in the absence of M140 are likely related to the
observed scarcity of virions in macrophages infected with the
mutant virus.
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FIG. 4. Steady-state levels of the MCP and a tegument protein are reduced in RVA140-infected macrophages. (A) Confirmation of the
specificity of the rabbit antiserum. Two million NIH 3T3 fibroblasts were infected with RVA140 (RV) or revertant virus (WT) at an MOI of 2 or
were mock (M) infected. Cell lysates were harvested at 24 h postinfection and subjected to Western blot analysis using rabbit antiserum raised
against an M86 peptide. (B) Steady-state levels of MCP in nuclear (N) and cytoplasmic (C) fractions of RVA140 (RV) and revertant (WT)
virus-infected macrophages. IC-21 macrophages were infected at an MOI of 4 with sucrose gradient-purified viruses. Cell lysates were harvested
at the indicated hours postinfection, and fractionation was performed using the NE-PER kit. Western blotting utilized the antisera described
above. (C) Steady-state levels of MCP in infected primary macrophages. Peritoneal exudate cells from BALB/c mice were infected with sucrose
gradient purified revertant virus (WT) or RVA140 (RV) at an MOI of 5. Cell lysates were harvested at 48 h postinfection and processed for
Western blot analysis using antisera to the MCP as described above. (D) Protein synthesis block to assess stability of MCP expression in mutant
and revertant virus-infected macrophages. IC-21 macrophages infected as described above were treated with 100 uM anisomycin starting at 40 h
postinfection. Total cell lysates were harvested at the indicated times posttreatment (hours) and subjected to Western blot analysis for the MCP
and actin (not shown). Protein bands were quantitated using the Odyssey infrared imaging system, normalized to actin levels, and graphed as a
function of time postblock. (E) Levels of tegument protein M25 are reduced in mutant virus-infected IC-21 macrophages. NIH 3T3 fibroblasts
(3T3) or IC-21 macrophages were mock infected (M) or infected at an MOI of 2 with revertant (WT) or mutant (RV) virus. Total cell lysates were
harvested at the indicated hours postinfection for Western blot analysis using a monoclonal antibody specific for MCMV tegument protein M25.

1]
8 hrs

DISCUSSION of capsid components that provide sufficient structure for
cleavage of viral DNA but incorrect assembly, leading to un-
stable virions. Currently, there is no direct evidence for colo-
calization or direct interactions between pM140 and either the
MCP or M25 protein. At least under stringent conditions,
neither structural protein coprecipitates with pM140 using an-

tibody or tandem affinity purification (unpublished data), and

Previously we and others reported that the MCMV M140
protein is necessary for efficient viral replication in macro-
phages (16, 24). Our results indicate that this protein functions
late in infection, after the stage of viral DNA replication. The
reduction in both the number of viral capsids and the percent-
age of DNase-resistant viral genomes in the presence of effi-

cient cleavage of viral DNA indicates that pM140 is necessary,
directly or indirectly, for packaging of the viral genomes into
stable virions.

Reduced steady-state levels of the MCP and M25 tegument
protein are likely related to capsid instability. However, this
reduction could be either a cause or an effect of such instabil-
ity. Reduced levels of MCP may lead to altered stoichiometry

thus they are not likely components of the pM139-pM140-
pM141 complex(es) that we previously identified (18). Indirect
effects of pM140 on MCP or M25 trafficking or posttransla-
tional modifications could alter capsid stability, and either
could result in increased degradation. However, effects on
MCP trafficking are not likely, as the ratio of nuclear to cyto-
plasmic protein was unaltered by the M140 deletion.
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The condensed MTOC observed in MCMV-infected mac-
rophages is an aggresome-like structure, possibly signifying the
importance of regulating protein turnover in this cell type.
Although M140 is not required for generating this perinuclear
structure (unpublished data), localization of pM140 at this site
indicates a possible role for pM140 in regulating proteolysis in
differentiated macrophages. We also considered that the pro-
nounced MTOC may represent an assembly compartment.
However, the MCP did not consistently localize to this site
(unpublished data), and unlike the assembly compartment for
HCMYV (33), this structure colocalizes with cis-Golgi markers
(18). Golgi-derived vesicles are, however, components of ag-
gresome-like virus assembly compartments for herpes simplex
virus (HSV) (27).

Our study is not the first to show that viral DNA cleavage
and packaging into mature capsids are not inextricably con-
nected. The use of herpesvirus deletion mutants has demon-
strated that efficient DNA cleavage is not always associated
with mature, DNA-containing C capsids. For example, dele-
tion of the HSV type 1 or bovine herpesvirus UL25 gene or of
HCMV gene UL97 or TRSI results in reduced C capsids
and/or DNase-resistant genomes in spite of efficient viral DNA
cleavage (1, 12, 23, 37, 42). The exact role for any of these viral
gene products in mature capsid formation has not been eluci-
dated. However, for UL25 it has recently been demonstrated
that certain mutants result in aberrant cleavage of the DNA,
leading to truncated genomes which are not retained in the
capsids while capsids containing full-length genomes are sta-
bilized (9). In these studies, Cockrell et al. (9) found that one
of the two termini expected after DNA cleavage was absent,
significantly reduced, or altered in size from that of WT virus.
Since we found no difference in relative levels or size of either
terminus for RVA140 DNA, it is unlikely that M140 functions
similarly to HSV UL25.

There are several additional differences between the above-
described herpesvirus proteins that affect viral DNA encapsi-
dation (or subsequent virion stability) and pM140. First, all of
the other proteins are virion associated (2, 10, 28, 31, 35, 39,
40), whereas pM140 is not detected in purified virion prepa-
rations (19). Thus, unlike HSV UL25 and HCMV UL97 or
TRS1, either M140 exerts an indirect effect upon viral DNA
packaging or there are transient interactions during viral as-
sembly. Second, UL25 and UL97 deletion mutants exhibit no
reduction in the overall number of capsids; however, the pro-
portion of C capsids is reduced (5, 12, 23, 37, 42). Only with the
TRS1 mutation in HCMV was a reduction in total capsids
detected, despite viral DNA cleavage (1). Thus, M140 conveys
a phenotype most similar to that of this other member of the
US22 gene family.

It is interesting that infection of macrophages with RVA140
resulted in a reduction in viral capsids, as previously reported
for human fibroblasts infected with the HCMV TRS1 deletion
mutant (3), but also in a reduction in steady-state levels of the
MCP. We hypothesize that this may be due to differences
between fibroblasts and macrophages. As a professional anti-
gen-presenting cell, macrophages have active protein degrada-
tive systems, including the aggresome-associated proteasome
and a constitutively active autophagy system (34). It is possible
that in this cell type, protein products are subject to more rapid
degradation. Therefore, in RVA140-infected macrophages, the
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reduction in the number of capsids detected is accompanied by
reduced steady-state levels of the MCP. The M140 gene may
be required in macrophages to prevent degradation of viral
proteins that would otherwise be targeted by aggresome-asso-
ciated degradative systems.

There is evidence that at least the HCMV MCP is suscep-
tible to proteolytic cleavage or additional processing. Specific
mutations in the capsid scaffolding components UL80a and
ULS80.5 that delay transport of the MCP to the nucleus result
in an increase in a specific proteolytic cleavage of the MCP,
likely due to the activity of other viral proteins (20, 26). The
MCPs of HCMV and MCMYV may therefore be susceptible to
proteolytic processing under specific circumstances.

The reduction in levels of the 130-kDa virion-associated
M25 protein is also intriguing in this light, since the MCP and
M25 proteins are two of the most abundant proteins in in-
tranuclear aggregates in an HCMV UL97 mutant (30). Such
aggregates would be prime targets for degradation by the ag-
gresome. An MCMV mutant deleted of the UL97 homologue
M97 exhibits a decrease in mature C capsid production (5). It
is possible that in RVA140-infected cells, insoluble MCP ag-
gregates are formed, resulting in an apparent reduction in
protein levels. Whether M140 influences M97 function has yet
to be determined.

Based on these results, it is likely that the levels of other
capsid and tegument components are also reduced; however,
these analyses are limited by the dearth of antibodies to
MCMV structural proteins. Viral particles released into the
supernatant from revertant virus- and RVA140-infected 1C-21
macrophages exhibited no difference in sensitivity to degrada-
tion by incubation for up to 8 h at 37°C (unpublished data),
which supports the hypothesis that the defect is specifically in
some aspect of procapsid-to-capsid maturation.

In conclusion, the data indicate that M140 is required for
efficient production of mature capsids in macrophages. The
reduced steady-state levels of the MCP and M25 suggest that
capsid formation is defective in the absence of M140. How-
ever, efficient viral DNA cleavage signifies that at least some
form of procapsids are assembled, although they are appar-
ently unstable and do not progress to mature capsids. Thus,
MCMYV mutants deleted of M140 could provide a useful tool
for clarifying how this poorly understood stage of virion pro-
duction is controlled.
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